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HISTORICAL 
At the beginning of the 19th century Thomas Malthus, an English 
clergyman, hypothesized that man in a few short decades would outgrow 
his available food supply resulting in pestilence and mass starvation. 
Although his hypothesis could yet become a reality, such dev~lopments 
as new farming methods, mechanization, and crop innovations have helped 
h . 1 . 1 to postpone t 1s ca am1ty. However, the main constituent responsible 
for increased food production in the last two centuries was the use of 
chemical fertilizers. 1 ' 2 
The foundation of the modern chemical fertilizer industry began 
early in the 19th century through the teaching of Von Liebig in Germany 
and Lowes in England. Fertilizers in the form of Pervian guano, 
Chilean sodium nitrate, and superphosphate from phosphate ores were 
discovered to have nutrient value and were used first in Europe and 
later in the United States. Later in the century potash salts in 
Germany, phosphate rock in the Southeastern United States, and 
industrial by-product ammonium sulfate added to the worldwide supply 
of fertilizers. Until recent times, all fertilizers were of natural 
3 4 
organic origin, waste materials, or industrial by-products. ' 
Today's modern synthetic chemical fertilizer industry began 
at the start of the 20th century. Three main methods were used at 
this time to synthetically fix nitrogen. The first of these was the 
direct oxidation of nitrogen from the air with formation of nitric 
5 acid and nitrates. This method was first used commercially in 1902. 
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The second method was the Calcium Cyanamide Process discovered in 1898 
and first applied commercially in 1906. 5 
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The calcium cyanamide once placed in the soil is converted through 
various reactions into calcium carbonate and ammonia. The third and 
6 most important method was the Haber-Borch Process. In this process, 
three moles of hydrogen is reacted with one mole of nitrogen under 
high temperature and pressure with a metal catalyst to produce ammonia. 
catalyst 
> 
Until this time, the main source of ammonia was as a by-product of the 
coking of coal which severely limited its production. The hydrogen 
for the reaction was prepared commercially by the water-gas process. 7 
---~)CO+ H
2 
Later the carbon monoxide could be recycled with water to yield more 
hydrogen. 
---~) C0
2 
+ H
2 
The nitrogen was obtained either from air or as a by-product in the 
8 coking of coal. Today most nitrogen used in ammonia synthesis is 
obtained from air. The hydrogen is obtained from a natural gas-water 
9 reaction at high temperature and pressure with a metal catalyst. 
catalyst 
Approximately 100 plants in the United States produce the hydrogen 
d i . h . b h" 
10 use n ammon1a synt es1s y t 1s process. 
The importance of large scale ammonia synthesis has become 
critical to the fertilizer industry. Not only is ammonia the leading 
direct application fertilizer but is also the basic building block of 
11 many of the solid nitrogen salts used as fertilizers today. 
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These products in turn can be used in many cases to yield other 
fertiliz ·r products. 
The fertilizers manufactured today are available in mainly 
three forms: dry bulk, bagged, and liquid solutions. According to 
1979 statistics dry bulk sales comprise over 50% of the fertilizer 
market and continues to expand in sales. Bagged fertilizers which 
3 
dominated sales in the 1960's are on a rapid decline. Liquid 
fertilizers wh ich amounted to 15 million tons in 1979 are on the 
upswing and now amount to almost 1/3 of the total fertilizer sales. 
This market is continuing to expand.
12 
Ther e are two methods for manufac turing liquid fertilizers. 
The first me t hod known as the batch process consists merely of 
dissolving into water the required nutrient s alts in the correct 
proportions. The second method involves the f ormation of the salt in 
water in which the formed salt is soluble. An example is the 
neutral ization of a water-nitric acid solution by bubbling ammonia 
through t he solution with the formation of ammonium nitrate dissolved 
alrea dy in the water phase.
13 
4 
Liquid fertilizers have several advantages over solid 
fertil izer products. Among these are more uni f orm application, ease 
of adding pesticides and micro-nutrients, greater homogeneity, fewer 
dust prob lems, greater adaptability to irrigation systems, easier 
measuring and dispensing for both the producer and farmer, and lower 
handling cos ts. 14 With these advantages ther e are also several 
disadvantages. First, liquid fertilizers are more expensive to 
produce in certain instances. For example, special equipment is 
required to measure and mix the salt and water. Heated water is 
generally used in the dissolving process which can also increase 
over-all costs. Second , liqui d f ert i lizers can be corrosive • . Thirdly, 
storage i s generally more expens i ve. Liquid fertilizers require tank 
storage whereas solid fertilizers do not. Fourth, the salts may 
precipitate out of solution if the temperature is lowered past a 
certain point . Keeping the solution above this crystallization 
temperat ure can be an added expense. Fifth, transportation costs can 
be higher. Water in which the salts are dissolved adds volume and 
weight in transportation. A good liquid f e rtilizer system frcm an 
economic standpoint then should have at l ea st three characteristics 
if it is to compete with solid fertilizers: 
It should be readily soluble to decrease mixing costs 
It should salt out at a low temperature to reduce heating 
costs 
It should be highly concentrated with nutrient salts in 
solution to r educe transportation costs. 
Keeping the above factors at a min imum is beneficial to both producer 
and consumer. 
5 
INTRODUCTION 
In communications with Joseph M. Homan, manager of Chemical 
Technology and G.K. Scharfenberger, manager of New Venture Development 
of Terra Chemicals International, Incorporated of Sioux City, we were 
asked to work on a project involving fertilizer solutions. Terra 
Chemicals wanted to market a mixed liquid fertilizer product containing 
approximately 25% Nitrogen and 4% Sulfur and having a minimum 
lli · of 0°C. crysta zat1on temperature The company had not previously 
marketed such a product and had little information available to them 
for this type of system. The product was to be marketed to areas of 
low N-S soil in this region of the country. 
One desirable quality of this product is that there are two 
plant nutrients in one solution. Nitrogen is an essential nutrient 
in plants. Nitrogen participates in the synthesis of chlorophyll, 
is a constituent of all proteins and protoplasm, and is necessary to 
plant growth. Sulfur's total role has not been fully established. 
It is known however to be a regulatory element in the synthesis of 
chlorophyll and in the acceleration of root development. It is also 
necessary in respiration and the activation of certain enzymes, and 
f . .d . d h" . 
15 
is a constituent o the am~no ac~ s cyst1ne an met 10n1ne. 
1be effect of nitrogen fertilization on crop production has 
16 17 been extensively studied and its necessity widely accepted. ' The 
effect of sulfur fertilization has also been extensively studied but 
its necessity is not as widely accepted. Two examples point out its 
importance. When 100 lb/acre of sulfur was applied to alfalfa, the 
total yield increased 70% while protein yield increased 75%.18 rn a 
7 
study of nit rogen vs. nitrogen-sulfur fertil ization on wheat production, 
a greater yield of up to 21.7% was noted for the nitrogen-sulfur 
mixture. 19 In addition to increased yie lds , sulfur fertilization gives 
increasing win ter hardiness of some species , increasing drought control, 
control of plant diseases, earlier crop maturity, and pest contro1. 20 
Development of nitrogen-sulfur liquid f ertilizer systems is 
not a new idea. A literature search revealed many articles particularly 
in Russ ian journals of nitrogen-sulfur liqui d f ertilizers. However, 
none of these systems found could meet our cri teri a of 25% Nitrogen 
and 4% Sulfur at a crystallization temperature of 0°C. · 
PURPOSE 
The purpose of this work was to prepare liquid fertilizer 
solutions of varying nitrogen and sulfur concentrations. Specifically, 
a marketable product of 25% Nitrogen and 4% Sulfur which did not 
0 crystallize our above 0 C was sought. The emphasis of this thesis was 
on the development of a marketable product rather than on basic 
research . 
EXPERIMENTAL 
All experimental work was done at South Dakota State University 
located in Brookings, South Dakota. 
All infrared spectra were obtained on a Perkins-Elmer model 
521 grating spectrophotometer with KBr pellets. 
All compounds used were A.C.S. grade material. 
No recrystallization of salts was required. Purity was checked 
by infrared and melting point analysis. 
METHODS OF SAMPLE PREPARATION 
All mixing and weighing was done in uniformly dimensioned 
stoppered 125-ml Erlenmeyer flasks equipped with a magnetic stirrer. 
Stirring times varied considerably and were usually slightly longer 
than was necessary to totally dissolve the salts in solution. All 
samples used to observe crystallization temperatures were 100 gms. 
Six different systems were prepared with many samples in each 
system. All samples within a particular system were prepared with the 
same procedure unless otherwise stated. 
Ternary Systems 
In all ternary systems, the nitrogen source, the sulfur source, 
and H
2
o were weighed and stirred at room temperature for 1 hour. In 
those systems where incomplete dissolution of the salts occurred, the 
solutions were heated gradually with stirring until the salts were 
dissolved into solution or until the boiling point of the solution was 
reached. Stirring time for dissolution of urea in the Urea-H SO -H 0 
2 4 2 
System at room temperature was 15-20 minutes. 
Urea-Ammonium Sulfate-H
2
0-Ethanolamine System 
The two salts and H
2
o were weighed and stirred at room 
temperature. Because of difficulty in dissolving the salts, mild 
heating was applied to all samples. After dissolution was complete, 
ethanolamine was added and stirring continued for 45 additional 
minutes. 
Urea-H
2
so
4
-H
2
0-Ethanolamine System 
10 
Urea, H
2
0, and H
2
so
4 
were weighed and mixed at room temperature 
until the urea dissolved, ethanolamine was added and stirring -continued 
for 45 additional minutes. Total stirring time was approximately 1 
hour for each sample. 
Urea-Ammonium Nitrate-H20 System 
The two salts and H
2
0 were each weighed into the flasks and 
stirred together at room temperature until dissolution of the salts 
occurred. Stirring time was approximately 15 minutes for each sample. 
Urea-Thiovite-Ammonium Nitrate-H20 Systems 
Urea, ammonium nitrate, and H2o were weighed and stirred 
together at room temperature until the salts were dissolved, Thiovite 
was added in the proper amount and stirring continued for an a.dditional 
five minutes. Total stirring time for each sample averaged between 
15-20 minutes. 
Urea-Ammonium Sulfate-Ammonium Nitrate-H
2
0 Systems 
All three salts were weighed and stirred together in H
2
o at 
room temperature in those samples with a urea/ammonium nitrate ratio 
11 
to the right of the minimum point in their solubility curve (See 
Appendix, Graphs 2-5, pp.55-58 ). In these samples dissolution of the 
salts occurs after a stirring time of between 30-45 minutes. Those 
samples to the left of the minimum point on the solubility curve were 
difficult to dissolve by the above method. In these samples ammonium 
sulfate and H
2
o were weighed and stirred at room temperature until the 
salt dissolved. Ammonium nitrate was added with stirring and heating 
until dissolved. Urea was then added slowly in small amounts while 
stirring and heating until a homogeneous solution was obtained. 
Stirring plus heating times varied considerably from 30 minutes to 
several hours. 
METHOD FOR CRYSTALLIZATION TEMPERATURE DETERMINATION 
The method used to determine the crystallization or "salt out" 
temperature was the visual polythermal method.
21 
This method involves 
observation of the first crystal appearance on cooling the solution 
and the disappearance of the last crystals when heated. The smaller 
the difference (6t) between the temperature when the crystals appear 
and dis~ppear, the more reliable the experimental determination of the 
crystallization temperature. 
A "fast" and "slow" method was used for all systems. · The 
"fast" method was used to give a rough estimate of the crystallization 
temperature. This method involved rapid cooling of the solution while 
12 
stirring until small crystals formed and then heating moderately until 
the crystals disappeared . Supercooling and s uperheating effects gave 
0 a wide 6 t r ange of 5-6 C. The "slow" method was used for more precise 
results. Starting at the highest temperature i n t he range found in the 
"fast" method, the temperature was lowered 1°C every three days until 
the first crystal s appeared. Then the temperature was raised 1°C 
every three days until the crystals disappeared . An average of this 
0 range (usually 1-1.5 C) was used as the crystallization temperature. 
Different refrigeration units were used , the most common 
being a r efrigerated centrifuge-temperatures were checked periodically 
+ 0 and found to vary not more than - 1.5 C from the set temperature. 
ANALYSIS OF THIOVITE 
Information on the aqueous commerically manufactured product 
Thiovite was limited. It was known however t o cont ain the dissolved 
ammoniated salts of sulfide (S=), sulfite (so3=), sulfate (so4=), and 
= 22 thiosulf a te (s
2
o
3 
). An analysis was made of total nitrogen, total 
sulfur, and the concentration of the individual sulfur anions. 
The total nitrogen content was determined by routine Kjeldahl 
1 . 23 ana ys1s. Ten grams of Thiovite was diluted to 1 liter volumetrically 
with di s tilled water. Fif t y milliliters of t his solution was pipetted 
into a Kj eldahl flask. The sample was digested with H2so4 , cooled, 
made alkaline by NaOH , and di stilled into standardized 0.1 N H2so4 • 
Excess H
2
so
4 
was titrated with standar di zed 0.1 N NaOH and the total 
%N calculated. 
(eqv.H SO - eqv.NaOH) x 14.01 x 20 {dilution factor) 
2 4 
13 
%N = 
10 gms. (sample weight) 
X 100 
24 Total sulfur was determined by an oxidation method where the 
total sulfur is precipitated as barium sulfate (Baso
4
). Twenty grams 
of Thiovite were diluted to 1 liter volumetrically_ with distilled water. 
Twenty-five milliliters of this solution were pipetted into a 250 ml 
beaker. Twenty milliliters of 10% Br
2 
in cc1
4 
were added and mixed, 
15 ml of HN0
3 
were then added and mixed, and the entire solution 
evaporated to 1-2 ml. Fifteen milliliters of HCl and 10 ml of H
2
o 
were added and the solution evaporated to dryness. Fifteen milliliters 
HC1 and 50 ml H
2
o were then added to the residue, the solution boiled 
and then filtered. The filtrated was heated to boiling and 10% barium 
chloride added. The resulting precipitate was dried to a constant 
weight and the %S calculated. 
%S = 
gm. Baso
4 
x 0.1374 x 40 (dilution factor) 
20 gms. (sample weight) 
X 100 
= The concentration of the individual sulfur anions S , so
3
, 
and s
2
o
3
was determined by the method founded by Karchmer and Dunahoe. 25 
Ten grams of Thiovite were diluted to 100 ml volumetrically with 
distilled H
2
0. Ten milliliters of this solution were pipetted into a 
500 ml Erlenmeyer flask as sample. 
The sulfide anion was precipitated as zinc sulfide on addition 
of a zinc acetate suspension. The precipitate was filtered, 
redissolved in H
2
o, and titrated with excess standardized r2 • The 
14 
excess I 2 was backtitrated with standardized sodium thiosulfate (Na2
s
2
o
3
). 
moles I 
2 
1/2 molesN S 0 a2 2 3 
= moles of s- in sample 
The filtrate from the sulfide analysis was divided into two 
equal volumes (A and B) for the sulfite and thiosulfate anion analysis. 
To Volume A 5 ml of 37% formaldehyde is added. (Formaldehyde will 
deactivate sulfite ions to r
2 
oxidation.) Excess standardized r
2 
was 
then added to both volumes and the excess I 2 backtitrated with 
standardized sodium t hiosulfate. The moles of sulfite and thiosulfate 
anion were then calculated. 
moles of thiosulfate anion in each 
volume 
= moles of sulfite anion in each volume 
The concentration of the sulfate anion was found by a barium 
1 f . . h d 
2 6 f t 1 f th . t f . 1 f . d su ate grav1metr1c met o a er remova o e 1n er er1ng su 1 e 
and thiosulfate anions. The sulfide anion was removed by 
precipitation with zinc acetate suspension .
25 
The thiosulfate anion 
. . . . 27 with r
2 
to prevent 1ts prec1p1tat1on. The 
sulfite ion was oxidized to so
4
- with I 2 • Barium chloride was then 
added ar.d the precipitate dried to a constant weight. The moles of 
sulfate anion originally present were then calculated. 
g~aso4 moles of sulfate present in sample. * moles50 = 
233.40 gm 3 
*moles 50 
3 
determined by method described above. 
DISCUSSION OF RESULTS 
As with any product in a competitive market, production costs 
must be taken into consideration. Therefore , the salts used as 
nitrogen and sulfur sources for the desired liquid fertilizer system 
had to be both abundant and inexpensive. 
Salts chosen were urea ((NH
2
)
2
co) and ammonium nitrate (NH4No 3) 
as nitrogen sources and potassium sulfate (K2so4), ammonium sulfate 
((NH
4
) 2so4), sodium sulfate (Na2so4), and sulfuric acid (H2so4) as 
sulfur sources . Ammonia was ruled out as a nitrogen source due to 
its high vapor pressure and decreased solubility at higher temperatures. 
TERNARY SYSTEMS 
Ternary systems with H20 and combinations of the above salts 
. 28-33 have been previously stud1ed, few however at the concentration 
of 25% N and 4% S. Therefore, solutions of these salts in H20 were 
prepared at 25% Nand 4% S (See Experimental Section, pp. 9-10), their 
crystallization temperatures determined (See Experimental Section, 
pp. 11-12), and the results tabulated (See Appendix, Table 1, pp. 47). 
Results indicate only three systems showed dissolution of their salts. 
The most promising of these systems, the Urea-H2so4-H20 System which 
had a crystallization temperature of 6-7°C, is also very acidic. 
While this acidity could be helpful to alkaline soils, it could prove 
very damaging to neutral or already acidic soils. 
ADDITION OF MONOETHANOLAMINE 
Methods for lowering the crystallization temperature of the 
ternary s ystems were examined. Monoethanolamine added to fertilizer 
solutions in concentrations of 0.5-2.5% with an optimum stirring time 
of 45 minutes has been previously examined34 with the Urea-(NH ) SO -
4 2 4 
H20 System. The previous study showed a reduction in the 
16 
crystallization temperature of up to 10°C at s ome concentrations. The 
study however did not include the concentration of 25% N and 4% S. 
The systems of Urea-(NH
4
) 2so4-Monoethanolamine-H20 and 
Urea-H
2
so
4
-Monoethanolamine-H
2
o were prepared (See Experimental 
Section, pp. 10), and their crystallization temperature determined 
(See Experimental Section, pp. 11-12). In both of t he systems, samples 
were prepared with monoethanolamine concentrations of 0.5, 1.0, 1.5, 
2.0, and 2.5% while the total nitrogen and sulfur concentrations were 
held a t 25% and 4% respectively. Using greater concentrations of 
ethanolamine was ruled out due to its high cost. 
In the Urea-(NH
4
)
2
so
4
-Monoethanolamine-H20 System at a 
concentration of 25% N and 4% S, the addition of monoethanolamine in 
concentrations of 0.5-2.5% did not significantly lower the 
crystallization temperature below that found in t he Urea- (NH4) 2so4-H2o 
System a t a concentration of 25% N and 4% S . Similarly, in the 
Urea-H
2
so
4
-Monoethanolamine-H20 Syst~m at a concentration of 25% N and 
4% S, the addition of monoethanolamine in concentrations of 0.5-2.5% 
did not significantly lower the crystallization temperature below that 
found in the Urea-H SO -H 0 System at a concentration of 25% N and 4% 
2 4 2 
S. Therefore this procedure was abandoned . 
A study of the Urea-NH
4
No
3
-H
2
o System was made both as a test 
of our experimental method and to confirm literature results. 35 The 
17 
total nitrogen content was held at 28% N while the Urea/NH
4
No
3 
ratio 
was varied. This %N was chosen because it would provide a crystalliz-
ation temperature range that could be conveniently studied using our 
cooling apparatus. The solutions were prepared (See Experimental 
Section, pp. 10), their crystallization temperatures determined (See 
Experimenta l Section, pp. 11-12), and the results recorded (See 
Appendix, Table 2, pp. 48, and Graph 1, pp. 54). The results compared 
+ 0 favorably with literature values and did not vary by more than - 1 C. 
An examination of the Urea-(NH4) 2so4-H2o System at a 
concentration of 25% N and 4% S by infrared, melting point, and 
qualitative analysis showed that urea is salted out at a crystallization 
0 temperature of 24-25 C. A substance such a·s NH4No 3 which exerts a 
large salting-in effect on urea35 should therefore lower the crystal!-
ization temperature while also providing nitrogen to the system. The 
Urea-NH
4
No
3
-(NH
4
)
2
so
4
-H
2
0 System was studied at a concentration of 25% 
N and 4% s varying the Urea/NH
4
No 3 ratio. The samples were prepared 
(See Experimen tal Section, pp. 11), their crystallization temperatures 
determined (See Experimental Section, PP· 11-12 ), and results 
recorded (See Appendix, Table 3, PP• 49, and Graph 2, PP· 55). The 
solubility curve shows a minimum crystallization temperature of -4°C 
at a Urea/NH
4
No
3 
ratio of 1.68. 
18 
Additional study of this system was done using solutions with 
concentrations of 26% N and 4% S, 24% N and 4% S, and 24% N and 5% S. 
Samples were prepared and their crystallization temperatures determined 
in the same manner as the 25% N and 4% S solutions. Results at these 
different N-S concentrations are shown in the Appendix (Tables 4-6, 
pp. 49-51 , and Graphs 3-5, pp. 56-58). The solubility curves of the 
concentrations of 26% N and 4% S, 24% N and 4% S, and 24% N and 5% S 
show a minimum crystallization temperatures of 4.5, -19, and 1°C 
respectively at Urea/NH
4
No3 ratios of 2.09, 1.25, and 2.90 respectively. 
General Observations 
On examina tion of the solubility curves of the 4 different N-S 
concentrations (See Appendix , Graphs 2-5, pp. 55- 58 ) , the same 
general shape of the curve is observed. All 4 graphs show a gradual 
slope from · the right with decreasing Urea/NH4No3 ratio to a minimum 
crystallization temperature followed by a sharp upswing at the left. 
Also it is observed that with an increase in either total %N or %S 
within the system, both the minimum crystallization temperature and 
the M.T.R. (minimum temperature ratio-the Urea/NH4No 3 ratio at which 
the min ·.mum temperature on the curve occurs) value is increased. 
A study of the salts crystallized out of solution was done by 
infrared, melting point, and qualitative analysis. In all solutions 
made at the four different N-S concentrations, urea as long needles 
precipitated out in those solutions with a Urea/NH4No 3 ratio greater 
19 
than the M.T.R. value while ammonium sulfate in small crystals 
precipitated out in those solutions with a Urea /NH
4
No
3 
ratio less than 
the M.T.R. value . No evidence of double salt formation was found. 
As previous ly stated, each solubility curve of our different 
N-S concentrations shows a minimum crystallization temperature at a 
particular M.T.R . value. Solutions making up the curves to the right 
and to the left of the M.T.R. value each have certain common properties. 
1 . Salts of solutions to the right of the M.T.R. value 
dissolve readily at room temperature while those to the 
left require special conditions (See Experimental Section, · 
pp. 11) . 
2. Salting out is heavy in solutions to the right of the 
M.T .R. value while those to the left have only light 
precipitation. 
3. Supercooling effects are greater in those solutions to 
the right of the M.T.R. value. If the temperature is held 
2-3°C below the crystallization temperature of each solution, 
precipitation occurs within 1-2 days in those solutions with 
a Urea/NH
4
No
3 
ratio less than the M.T.R . value, while those 
with a Urea/NH
4
No
3 
greater than the M.T.R. value require 
several days. 
Conclusions 
In an effort to explain the interaction of the 3 different 
salts in the solutions in our system at each N-S ·concentration, 
systems were made with two of the three salts in H20 at the concentrations 
at which they occur in our 3 salt system. (See Appendix, Graph 6, 
pp. 59). (All 4 N-S concentrations behave similarly to the results 
found at a concentration of 24% N and 4% S so conclusions derived at 
this concentration may be applied to the 25% N and 4% S, and 24% N 
and 5% S concentrations.) 
An examination of Graph 6 shows that the curve of the 
20 
Urea-NH
4
No
3
-(NH
4
)
2
so
4
-H20 System at 24% Nand 4% S behaves almost 
identically to the Urea-NH
4
No3-n2o curve from a Urea/NH4No3 ratio of 
1.25-2.50 with (NH
4
)
2
so
4 
apparently causing a salting-in effect in the 
Urea-NH
4
No
3
-H
2
0 System. ((NH
4
)
2
so
4 
has been previously found to exert 
lti . ff t . . h. 29) a sa ng-ln e ect on urea a concentratlon Wlt ln our system. 
Further examination of the graph reveals that from a Urea/NH4No 3 ratio 
of 1.0-1.85 NH
4
No
3 
and (NH
4
) 2so4 are present in sufficient quantities 
to crystallize out of solution. Apparently, urea salts in the 
NH
4
No
3
-(NH
4
)
2
so
4
-n
2
o System sufficiently to prevent precipitation until 
the M.T.R. value (1.25) is reached where it is believed that the 
concentration of NH
4
No
3 
has increased to the point where NH4No 3 and 
(NH
4
)
2
so
4 
exist at their maximum concentrat ions and a salting-out 
effect probably via a common ion is occurring on (NH4) 2so4 by NH4No 3 • 
Several observations point to this conclusion. First, (NH4) 2so4 was 
found to be the salt precipitated out of solutions with a Urea/NH4No 3 
ratio belmv 1.25. Second, Graph 6 shows a very steep slope in the 
as the Urea/NH
4
No
3 
ratio decreases. Third, as small amounts 
of (NH
4
) so was added to those solutions with a Urea/NH4No 3 ratio 
2 4 
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equal to or less than the M.T.R. value, the crystall ization temperature 
increased while in those solutions with a Urea/NH
4
No
3 
ratio greater 
than the M.T.R. value, addition of small amounts of (NH
4
)
2
so
4 
lowered the crystallization temperature. A further explanation points 
out this significance. Ammonium sulfate has been found to exert a 
2~ salting-in effect on urea at concentrations within our system. 
Therefore, addition of small amounts of this salt s hould lower the crystal!-
ization temperature of the solutions making up the curve of the Urea-
NH
4
No
3
-(NH
4
)
2
so
4
-H
2
0 System unless a salting-out effect is occurring between 
NH
4
No
3 
and (NH
4
)
2
so
4
, in which case a small addition of the salt to 
the system would increase the salting-out effect thereby increasing 
the crystallization temperature. For example, in the solution at a 
concentrat ion of 24% N and 4% S at a Urea/NH4No3 
ratio of 1.6, addition 
of 1 gm. of (NH
4
)
2
so
4 
reduces the crystallization temperature 
approximately 1 °C while in a solution of the same N-S concentration 
at a Urea/NH
4
No
3 
ratio of 1.25, addition of 1 gm. of (NH4) 2so4 
increased the crystallization temperature approximately 1.5 °C. 
As previously stated, results found at the N-S concentration 
of 24% N and 4% S may be applied to the 25% N and 4% S, 26% N and 4% S, 
and 24% N and 5% s concentrations. All 4 concentrations behave 
similarly to a Urea-NH
4
No
3
-H
2
o System at Urea/NH4No3 ratios greater 
than the 1.T.R. value and exhibit a large ~alting-out effect of NH4No3 
on (NH
4
)
2
so
4 
at Urea/NH
4
No
3 
ratios equal to or less than the M.T.R. 
value. 
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The effect of this large salting-out effect has the result that 
as the total %N or %S within the system is increased, the M.T.R. value 
increases to a ratio where (NH
4
) 2so4 
and NH
4
No 3 can better coexist in 
solution. For example, as the total %N within the system increases 
from 24% to 25% with the %S held constan t at 4%, we might expect the 
curve at the 24% N and 4% S concentration to raise to give us a curve 
similar to the dotted line shown in Graph 7 (See Appendix , pp. 60) with 
a M.T.R. value of 1.25 at the concentration of 25% N and 4% S. It 
was found experimentally however , that NH4No 3 and (NH4) 2so4 cannot 
coexist at the concentrations shown in the dotted line except at high 
temperatures due to the salting-out effect of NH4No3 on (NH4) 2so4 at 
these concentrat ions. Therefore, the NH4No 3 concentration must 
decrease (thus increasing the Urea/NH4No 3 ratio as total % N must be 
held at 25%) to a concentration where it can coexist with (NH4) 2so4 
in the Urea- NH
4
No
3
-(NH
4
)
2
so
4
-H20 System a t 25% N and 4% S at the 
lowest possible temperature. This lowest possible temperature was 
found to be a -4°C with a Urea/NH4No 3 ratio of 1.68. 
One last point must be discussed regarding use of this system. 
It is recommended that commercial use of any of the N-S concentrations 
of this system be at a Urea/NH
4
No 3 ratio slightly to the right of the 
M.T.R. value. There are several reasons for this: 
1. Salts of the solutions right of the M.T.R. value go 
into solutions readily at room temperature. 
2. Although salting out is heavy in solution to the right 
of the M.T.R. value supercooling effects will keep the 
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salts in solution longer if the temperature should fall 
below the solubility curve. 
3. Because the slope of the curve to the right of the M.T.R. 
value is less than that to the left, weighing errors in 
preparation will cause less change in the crystallization 
temperature. 
After examination of the previous system, Terra Chemicals Inc. 
sent us a commercially manufactured product called Thiovite. They 
expressed the desire for us to do a study of the product in a liquid 
fertilizer system similar to the Urea-NH4No 3-(NH4) 2so4-H2o System 
substituting Thiovi te for ammonium sulfate as the sulfur source within 
the system. 
An analysis of Thi ovite was done (See Experimental Section, 
pp. 12-14 ) . Thiovite was found to contain a total nitrogen and sulfur 
concentration of 11.3% and 26.3% respectively. The total %N was 
found to come exclusively from ammonium cations while the total %S 
was found to come from a mixture of the sulfur anions; s=, so3=' so4-' 
and s
2
o
3
- . Of the total %S, 96.4% of the total came from s 2o 3-, 3.4% 
= 
from so3-' and the other 0.2% from both s and so4-. Thiovite was 
therefore found to be almost exclusively made up of ammonium 
thiosulfate ((NH
4
)
2
s
2
o
3
) in aqueous solution . 
Four different N-S concentrations of the Urea-NH4No 3-Thiovite-
H2o System were studied at concentrations of 27% N and 4% S, 29% N and 
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4% S, 31% N and 4% S, and 31% N and 5% S. The samples were prepared 
(See Experimental Section, pp. 10), their crystallization temperatures 
determined (See Experimental Section, pp. 11- 12), and results recorded 
(See Appendix, Tables 7-10, pp. 52- 53, and Graphs 8-11, pp. 61- 64). 
The solubility curves at the concentrations of 27% N and 4% S, 29% N 
and 4% S, 31% N and 4% S, and 31% N and 5% S show minimum 
crystallization temperatures of - 17, -10, -1.5, and -1°C respectively 
at Urea/NH
4
No
3 
ratios of 0.90, 0.89, 0.88, and 0.90 respectively. 
A test was made to determine the effect of ammonium thiosulfate 
on urea in solution. Different solutions of urea in H2o were prepared 
at concentrations of 30, 40, and 50% urea. Ammonium thiosulfate was 
added in the amounts of 2,5,10,20, and 30 gms. to each concentration 
of the urea-H
2
0 solutions and their crystallization temperature 
determined. At all 3 urea concentrations, as (NH4) 2s2o3 was added in 
increasing amounts, the crystallization temperature decreased. There-
fore ammonium thiosulfate must be lowering the crystallization 
temperature of the solution via a salting-in effect on urea. 
General Observations 
On examination of the solubility curves of the 4 different 
N-S concentrations, the same general shape of the curve is observed. 
All 4 graphs show a moderate slope from the right with decreasing 
Urea/NH
4
No
3 
ratio to a minimum temperature followed by a moderate 
slope at the left. It is also observed that the M.T.R. (minimum 
temperature ratio) is approximately the same value (0.90) in all 
curves. 
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A study of the salts crystallized out of solution was done by 
infrared, melting point, and qualitative analysis. In solutions of 
all 4 N-S concentrations studied, urea as long needles precipitated 
out in those solutions with a Urea/NH
4
No
3 
ratio greater than the 
M.T.R. value while flat, platelike crystals of NH4No3 crystallized 
out in those solutions with a Urea/NH4No 3 
ratio less than the M.T.R. 
value. No evidence of double salt formations was observed. 
Other observations of the system were noted: 
1. The salts of all solutions go into solution readily 
at room temperature (See Experimental Section, pp. 10). 
2. Salting out is heavy in those solutions with a Urea/ 
NH
4
No
3 
ratio greater than the M.T.R. value while those 
with a Urea/NH
4
No
3 
rat io less than the M.T.R. value have 
light to modera te precipitation. 
3. Supercooling effects are very large in all solutions. 
When the temperature is held 2-3°C below the crystallization 
temperature of each solution several days is required 
for crystallization to occur in all solutions. 
Conclusions 
As in the Urea-NH
4
No
3
-(NH
4
) 2so4-H20 System, in order to 
examine the interaction of the 3 salts in this system at each N-S 
concentration , systems were made with two of the three salts in H2o 
at the concentration at which they occur in the 3 salt system. (See 
Appendix, Graph 12, pp. 55). As all 4 N-S concentrations studied 
behave almost identically, the conclusions drawn from the 31% N and 
4% S concentration may be applied t o the other conc entrations as 
well. 
An examination of Graph 12 (See Appendix, pp . 65) shows that 
the Urea-NH
4
No
3
-Thiovite-H
2
o System behaves v ery similar to the 
Urea-NH
4
No
3
-H
2
o System at Urea/NH
4
No
3 
ratios f rom 0 . 88-1 . 30 with 
Thiovite apparently causing a small salting-in effec t on the 
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Urea-NH
4
No
3
-H
2
o Syst em. It would seem log i cal to assume that the 
Urea-NH
4
No
3
-Thiovite-H
2
o System should progress downward to a minimum 
tempera t ure at a Urea/NH
4
No
3 
ratio of 0.80 like the Urea-NH4No3-H2
o 
System unless some other interaction of the 3 salts is preventing this 
from occurring . A possible explanation is that urea salts i n the 
NH
4
No
3
-Thiovit e-H
2
o System (See Appendix, Gr a ph 12, pp . 65) until 
Thiovite a nd NH
4
No
3 
reach concentrations wher e a salting-out effect 
of Thiovi t e on NH
4
No
3 
is occurring via a common i on at Urea/NH4No3 
ratios below 0.90. Several observations confirm this salting-out 
effect . First, NH
4
No
3 
was found to be the salt precipitated out of 
solution a t Urea/NH
4
No
3 
ratios below 0.90. Second, the NH4No3- Thiovite-
H2o line on Graph 12 has a fairly steep upward s lope. It would be 
logical to assume that there must be some point on this line where urea 
Could no longer sufficiently salt in the NH4No3-Thiovite-H2o System to 
keep the curve of the Urea-NH
4
No
3
-Thiovite-H20 System going pr ogressively 
downward. Third, as· small amounts of (NH4) 2s2o3 (the main component 
of Thiovite) is added to solutions of the Urea-NH4No3-Thiovi~e-H~O 
System at Urea/NH
4
No
3 
ratios below 0.90 , the crystallizat ion 
temperature of t hose solutions increases while addition of small 
amounts of (NH ) s o to solutions of the Urea- NH4No3-Thiovit e-H20 4 2 2 3 
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System at Urea/NH
4
No
3 
ratio s above 0. 90 decreases their crystallization 
temperatures. The significance of this will be further explained. 
Ammonium thiosulfate has been found to have a salting-in effect on urea 
at concentrations in our system. Therefore, addition of small amounts 
of the salt should lower the crystallizat ion temperature of the 
solutions making up the curves of the Urea-NH
4
No
3
-Thiovit e-H
2
o System 
unless a salting-out effect is occurring between NH
4
No3 and (NH4
)
2
s
2
o
3
, 
in which case small additions of (NH4) 2s2o3 to the system would 
increase the salt ing-out effect thereby increasing the crystallization 
temperature of the solutions in the system. For example, in the 
31% N and 4% S concentration at a Urea/NH4No3 ratio of 1.2, addition 
of 1 gm. of (NH
4
)
2
s
2
o
3 
lowered the crystallization temperatur e of the 
solution approximately 1 °C while in a solution of the same N-S 
concentration at a Urea/NH
4
No
3 
ratio of 0.90, addition of 1 gm. of 
(NH
4
)
2
s
2
o
3 
increased the crystallization tempera ture approximately 
1 °C. 
It is recommended that commercial use of any of the 
concentrations studied of this system be at a Urea/NH4No3 ratio equal 
to the M.T.R . value. At this point on the curve, the lowest 
crystallizat ion temperature is obtained. 
ADDENDUM 
STUDXES ON THE PHOTOCHEMISTRY OF 
N,N' -DICYCLOHEXYL-2,2,4,4- TETRAMETHYL-1,3-CYCLOBUTANEDIIMINE 
HISTORICAL 
PREPARATION 
Preparation of the bisimines of tetramethyl-1,3-cyclobutanedione 
was first reported in 1961. 36 
CH
3 
0 
acid J+N catalyst ) CH3 ~ 
(reflux in 
toluene ·N CH3 0 CH3 
Since this time, a variety of aromatic and aliphatic bisimines have 
37 
been prepared by the above method. 
A new method for the preparation of the bisimines of 
tetramethyl-1, 3-cyclobutanedione lvhich gave higher yields than the 
previous method was reported in 1977.
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N 
R 
/ 
. CH~CH3 / 
R-NH
2 
+ TiC1
4 
--~) 3 + Ti02 + 4 
/' CH3 
N 
/ CH3 
R 
+ -R-NH3 Cl 
30 
PHOTOCHEMISTRY 
The photochemistry of imines has been extensively studied. 39- 43 
Although imines tend to be unreactive40 by unde rgoing radiationless 
41 
decay from the excited state , a number of photochemical reactions 
have been r eported to occur. Among these photochemical reaction.3 
. . . . 39,40 h h . 1 d t. 39 . d . 42 are syn-ant1 1sorner1zat1on, p otoc em1ca r e uc 1on, ox1 at1on, 
hydrolysis, 39 rearrangement reactions, 43 hydrogen abstraction,
39 
aromatic and a1ky1ative photocyclizations, 39 (2 + 2) Photocycloaddations 
f N A 1 . . 39 d o - cy 1m1nes, an Cl f N A 1
. . 39 
C:X- eavage 0 - cy 1ID1nes . 
43 
tend to undergo Norrish cleavages . 
!mines do not 
The photochemistry of the monoimines of tetramethyl-1,3-
. 1 d" d 44 ' 45 Th . . h cyclobutanedione has been prev1ous y stu 1e . e mono1m1nes ave 
been found to undergo both decarbonylation and ring expansion in 
44 methanol. 
R 
/ 
+ =N- R +CO 
h mono1·m1·nes have been found t o undergo In addition, t e 
45 
photoextrusion of isocyanide in furan. 
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RNC + 
R = 
The photochemistry of the bisimines of tetramethyl-1,3-
cyclobutanedione has been previously examined by Schmidt. 
N,N'-dicyclohexyl-2, 2,4,4-tetramethyl-1,3-cyclobutanedimine (1) was 
irradiated in isopropanol in the presence of oxygen to yield pinacol, 
acetone, and compounds resembling open chain amides. 46 
To simplify product identification, (1) was irradiated in 
isopropanol under nitrogen. After irradiat ion, the products 
Dimethyl k ·etene-N-cyclohexylimine (2) and cyclohexylisocyanide (3) 
46 were found to have formed . Although imines do not tend to undergo 
Norrish cleavages, 43 Schmidt 46 hypothesized that the ring strain in 
the cyclobutane ring may make (1) more suscep t~ble to Norrish 
cleavage to give products (2) and (3) by the following mechanism : 
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CH
3 
--------~C 3 CH~--~~ 
n~TT Norr1sh ) 3 • 
CH
3 
~ CH Cleavage cJ CH3 ON CH3 3 ON -:?' 
~. 
.. 
c 
II 
N: 
C) + 
Additional study is needed to further elucidate the mechanisms 
involved. 
- PURPOSE 
The photochemistry of N,N' -dicyclohexyl-2,2,4,4-tetramethyl-
1,3-cyclobutanediimine has been previously studied in isopropyl alcohol 
to yield t he products of cyclohexylisocyanide and dimethylketene-N-
cyclohexylimine. 
It was the purpose of this work to attempt to determine the 
mechanism of formation of these products involved by trapping the 
expected radical intermediates by use of different solvents such a s 
methanol and furan under various photochemical conditions. 
EXPERIMENTAL 
All experimental work was done at South Dakota State 
University located i n Brookings, South Dakota . 
All infrared spectral data was obtained on Perkins-Elmer Models 
700 and 521 grating spectrophotometers. 
Nuclear magnetic resonance data was obtained on a Varian Model 
A60-A spectrometer at the normal operation temperature of 39°C. 
Mass spectral data was obtained on a Finnigan 3000 GC/MS mass 
spectrometer. G. C. column used was a 3% OV-1 on 60/80 mesh Chromosorb 
w. 
Ultraviolet spectra were taken using silica cells and a Beckman 
DB Spectrophotometer. 
High Pressure Liquid Chromatography data wa s obtained on a 
Waters Assoc ia tes Mode] M-6000 Differential Refractometer Liquid 
Chromatograph using an Alltech c
18 
column with pure methanol as carrier 
liquid. 
Gas Chromatography work was done on an Aerograph Dual Column 
Gas Chromatograph with a thermal conductivity detector. A SE-30 column 
of methyl silicone on 42/60 mesh Chromosorb P was used for separation. 
PREPARATION OF N, N'-DICYCLOHEXYL-2 ,2,4,4-TETRAMETHYL-1,3-
CYCLOBUTANEDIIMINE 
Preparation was done by a method reported i n 1977.
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Into a 2000 ml 3-necked round bottomed flas k were placed 
2,2,4,4-tetramethylcyclobutanedione, 7.00 gm (.05 mole ); excess 
cyclohexylarnine, 49 . 60 grn (.50 mole); and 1000 rnl of dry toluene . 
35 
After cooling to 0°C, Ti t anium (IV) chloride, 9.50 gm. (. 05 mole) in 
500 ml of dry toluene was s l owly added. The mixture was allowed to 
come to room temperature, then slov1 ly heated and refluxed for 
approximately 48 hours. After refluxing, the solution was cooled to 
room t emperature and filtered to remove by-product material. The 
filtered solution was concentrated in vacuo to approximately 200-300 ml 
where the crude b isimine began to crystallize f rom solution. The 
crude product was filtered, s ublimated in vacuoand recrys tallized with 
hexane to give a 40-50% yield. 
Because imines like nmines tend t o become oxidized in air, 
the purification step was done a short period of time before irradiation 
to insure a pure starting product. Purity was checked by melting point, 
infrared, and liquid chro~~tography analysis . 
IRRADIATION 
Irradia tion was done using either a Hanovia immersion well 
equipped with a complete spectrum 450-\V medium pressure mercury lamp or 
a chamber reaction apparatus employing 16 low pressure mercury lamps at 
i 1 h f 253 7 ° All ~rradiation done was under a a pr mary wave engt o A . • 
nitrogen atmosphere. 
Irradiation of Bisimine in Methanol 
The bisimine was irradiated 4 times in me thanol. 
Irradiat i on ml. irradiat ion 
irradia tion 
gms. 
(hrs) waveleng th 
II bis i mine solvent t ime 
50 48 2537 R 1 1 
80 157 2537 
R 
2 2 complete 
3 3 180 30 
spectrum 
comple te 
4 15 800 
524 spectrum 
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The s olvent for each irradiation was purified by addition of 
CaC12 to remove H2o and then distilled to purity. Purity was checked 
by UV Spectroscopy and Liquid Chromatography. 
Irradiation #1 and #2 were done using the reaction chamber into 
which sealed quart z tubes of the sample were placed . The sample in 
the tubes had been previously degassed with N2 for 30 minutes pri or to 
sealing. 
Irradia tion 113 and l/!J were done using the Hanovia immersion 
well where N
2 
was bubbled through the sample during irradiation. The 
react ion i n these two irradiations were followed at various time 
intervals by UV spectroscopy and liquid chromatography respectively. 
Analysi s for product formation and separat ion of products for 
identificat ion was done using liquid chromatography. 
Irradiation of Bisimine in Furan 
The bisimine was irradiated 4 times using furan as solvent. 
Irradiation grns ml irradiation irradiation 
II bisimine solvent time (hrs) wave l ength 
1 3 100 53 2537 .R 
2 5 200 19 
complete 
spec trum 
3 2 100 96 
2537 ~ 
48 
complete 
4 5 200 spectrum 
A benzophenone ketyl met
hod was employed in the pur ification 
process of the solvent to remove both H20 and 02 from the solvent. 
The furan was refluxed for 1 hour over pure sodium me tal. A quantity 
Of Solid th n added 
until a purple solution wa s 
b enzophenone was e 
obtained. The solvent was then distilled under a nitrogen atmosphere 
directly into the reaction container containing the solid bisimine 
starting material. After distillation, the reaction container was 
sealed and irradiat ion initiated. 
37 
In order to keep 02 from the samples and because of the high 
volatility of furan, the use of a sealed reaction container was 
necessary . The reaction therefore could not be followed during 
irradiation. 
Product analysis a fter irradiation was done using liquid 
chromatography. 
Separation of irradiation product was accomplished using a 
combination paper chromatography-sublimation technique. The solvent 
for the irradiated sample was evaporated off in vacuo until a few ml 
of sample was left . Acetonitrile was added and the remainder of the 
solvent (furan) distilled off. Because the bisimine starting material 
is relatively insoluble in acetonitrile , much of it will fall out of 
solution leaving the irradiation products in solution . The 
acetonitrile was then evaporated off in vacuo until only a few ml was 
left. This liquid was then spotted on absorbent paper and t he paper 
placed in pure acetonitrile . The product of irradiation foll owed the 
acetonitrile up the paper leaving almost all of the starting bisimine 
compound behind. The product on the absorbant paper was dissolved in 
methanol, placed in a sublimation apparatus, the methanol allowed to 
evaporate, and the product sub limed. 
Irradiation of Pure Furan 
' Irradiat ion of pure furan was done 1 time. A sample of 180 ml 
was irradiated with the complete spectrum Hanovia mercury lamp for 
24 hours. 
The furan was purified by the benzophenone ketyl method 
previously described (See Page 36-37). 
Product analysis after irradiation was done using liquid 
Chromatography and infrared spectrophotometry . 
Separation of the product was done by evaporation of the 
solvent in vacuo followed by sublimation of the product. 
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DISCUSSION OF RESULTS 
As previously stated, the purpose of this work was to attempt 
to trap the radical intermediates in the photodecomposition reaction of 
the compound; N,N'-Dicyclohexyl-2,2,4,4-tetramethyl-1, 3-cyclobutar.ediimine. 
The compound is believed to react by a diradical mechanism initiated by 
an n-4n transit ion of the imine functional group. Solvents such as 
methyl alcohol and furan should add across the dirad icals in each step 
of the decomposition reaction thus elucidating the mechanism involved. 
IRRADIATION OF BISIMINE IN METHANOL 
The bisimine was irradiated 4 times in methyl alcohol (See 
Experimental Section, pp. 35-36). 
In all 4 irradiations, irradiation for approximately 1 day 
turned the sample yellow in color. Further irradiation turned the 
sample a deeper yellow. 
Irradiation #3 was followed by uv spectroscopy. Samples were 
extracted from the irradiated sample periodically and run. Alt hough 
changes were seen in the uv spectrum as the irradiation time lengthened, 
the peak height of the original bisirnine starting material (Amax=245 nm) 
did not signif icantly decrease. 
Irr diation U4 was followed by liquid chromatography. Samples 
were extract ed periodically and run. Results indicated that during 
irradiation up to 524 hrs., very little of the bisimine starting material 
disappeared. 
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Analysis of the irradiated samples after irradiation gave back 
the starting bisimine material almost quantitatively in all 4 irradiations. 
These results described above indicat e that the bisimine is 
very inert when irradiated in methyl alcohol under a nitrogen atmosphere. 
Liquid chromatography analysis did however indicate the formation 
of two minor products, one in greater amounts then the other. The 
product present in the greater quantity was isolated by liquid 
chromatography . The product was a yellow oily past e very viscous in 
nature. Infrared analysis of the product indicated it as possibly 
-1 1 
being an open chain am ' de giving peaks at 3300 em and 1690 em- • 
Due to its high viscosity, ID!R and mass spectral data could not be 
obtained. 
- 1 
The carbonyl peak at 1690 em does indicat e however that it 
is either an oxidation or hydrolysis product due to o2 or H20 that has 
entered the syst em. The other product was present i n only trace 
amounts and could not be isolated f or analysise 
IRRADIATION OF BISIMINE IN FURAN 
The bis imine was irradiated 4 times in furan (See Experimental 
Section, pp.36-37) . 
In all 4 irradiations, irradiation of 4-6 hrs. turned the sample 
light yellow in co lor. Further irradiation resul ted in a deeper yellow 
color. 
1 ft i rradiation in all 4 irradiations Analys is of the samp es a er 
gave back the bis imine starting material almos t quantitatively. 
Although the starting material came back almost quantitat ively, 
1 minor produc t was formed. The product upon purificat ion was found by 
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infrared analysis to be an irradiation product of the solvent (See 
following section). 
IRRADIATION OF PURE FURAN 
Furan was irradiated 1 time (See Experimental Section, Pf•37). 
After irradiation of the sample for 4 hrs. , a yellow color 
was observed which deep ened in color as irradiation time lengthened. 
Liquid chromatography indicated the presence of 1 major 
product . Upon purification, infrared spectra showed peaks at 3100, 
2990, 2910, 2850, 2750, · 940, 1700 (strong), 1600 (strong), 1400, 1360, 
1310, 1290, 1200, 1130, 1040, 1025, 1005, 970, 950, 900 , 870, 850, 
-1 
820, 815, 790 , 715, 680, and 660 em . This product is identical to 
the product isolat ed in the previous experiment. 
CONCLUSIONS 
Methyl alcohol and fu ran proved to be ineffective solvents 
for elucidation of the mechanism of the photodecomposition of the 
compound , N, N' -dicycyohexyl-2 , 2 ,4,4-tetramethyl-1,3-cyclobutanediimine, 
as observed i n isopropyl alcohol. The bisirnine proved to be very 
inert in both solvents. 
The decomposition of the bisimine in isopropyl alcohol may 
possibly in some way be dependent on a solvent-bisimine interaction 
to bring about the products formed in isopropyl alcohol. 
Further invertigation into the photochemistry of the bisimine 
is required. 
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Temperature ( C) 
; 
Insoluble* 
24-25 
6-7 
Insoluble* 
Insoluble* 
Insoluble* 
50-52 
Insoluble* 
1.00 
1.05 
1.10 
1.15 
1.20 
1.25 
1.30 
1.35 
1.40 
1.45 
TABLE #2 
Urea-NH
4
No
3
-H
2
o System 
28% N 
Crystallization 
Temperature (°C) 
-12.5 
-14 
-16 
-17 
-18 
-19 
-18 
-17.5 
-15 
-13 
48 
1.50 
1.60 
1.65 
1.70 
1 . 80 
1.90 
2.10 
2.30 
1.95 
2.00 
2.10 
2.30 
2.50 
2.70 
TABLE 03 
Urea-NH
4
No
3
-(NH
4
)
2
so
4
-H
2
0 System 
25% N 4% S 
Crystallization 
Temperature (oc) 
TABLE 04 
Urea-NH
4
No
3
-(NH4) 2so4-H2o System 
26% N 4% S 
8 
-2 
-4 
-4 
-3 
-2 
0 
2 
Crystallization 
Temperature (oC) 
21 
10 
4.5 
6.5 
8 
9.5 
49 
1.10 
1.20 
1.25 
1.30 
1.40 
1.50 
1.70 
1.90 
2.10 
2.30 
2.50 
·TABLE IJ5 
Urea-NH
4
No
3
-(NH
4
)
2
so
4
-H
2
o System 
24% N 4% S 
Crystallization 
Temperature (oc) 
-11 
-18 
-19 
-17 
-15.5 
-13.5 
-10 
-7.5 
-5 
-2.5 
0 
50 
2.60 
2.70 
2.80 
2.85 
2.90 
3.00 
3.20 
3.40 
3.60 
TABLE 1!6 
Urea-NH
4
No
3
-(NH
4
)
2
so
4
-H
2
0 System 
24% N 5% S 
Crystallization 
Temperature (°C) 
21 
12 
4.5 
2 
1 
1.5 
2.5 
3 
4 
51 
TABLE 1!7 
27% N 4% s 
0.70 
0.80 
0.90 
1.00 
1.10 
1.20 
1.30 
TABLE #8 
29% N 4% s 
0.70 
0.80 
0.85 
0.90 
1.00 
1.10 
1.20 
1.30 
1.40 
Crystallization 
Temperature (°C) 
-9 
-14.5 
-17 
-15 
-12 
-9 
-5.5 
Crystallization 
Temperature (OC) 
-o.5 
-6.5 
-9.5 
-10 
-7 
-4 
-0.5 
3 
5.5 
52 
0.70 
0.80 
0.85 
0.90 
1.00 
1.10 
1.30 
0.70 
0.80 
0.85 
0.90 
0.95 
1.00 
1.10 
1.20 
1.30 
TABLE 119 
Urea-NH4No3-Thiovite-H2o System 
31% N 4% S 
TABLE 1110 
31% N 5% s 
Crystallization 
Temperature (OC) 
7 
1.5 
-1 
-1 
2 
5 
11 
Crystallization 
Temperature (°C) 
11 
5 
1 
-0.5 
0 
1 
4 
6 
8.5 
53 
,...... 
u 
0 
~ 
~ 
:::::> s 
w 
ffi 
E-4 
z 
0 
H 
~ 
N 
H 
...:l 
~ 
H 
(/) 
~ 
u 
28% N UREA-AMMONIUM NITRATE-H20 SYSTEM 
-12 
-14 
I ~ I 
G"l 
~ 
p:: 
~ ..... 
-20 4-------------~------------~-------------r-------------.-------------; 
1.0 1.1 1.2 1.3 1.4 1.5 
AMMONIUM NITRATE/UREA RATIO 
\.11 
~ 
,..... 
u 
0 ......., 
~ 
::::> 
H 
~ 
~ 
~ 
~ 
H 
z 
0 
H 
~ 
N 
H 
t-l 
~ 
H 
(/) 
~ 
u 
25% N 4% S UREA-AMMONIUM NITRATE-AMMONIUM SULFATE-H20 SYSTEM 
15 
10 
5 
\ 
0 
.... 5 
-10 ~------r-------r-----~~----~~----~------~----
1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 
UREA/AMMONIUM NITRATE RATIO 
G"l 
~ 
~ 
~ 
N 
V1 
V1 
'"' (.) 
0 
-..J 
~ 
::::> 
E-4 
~ 
~ 
~ 
~ 
E-4 
z 
0 
H 
~ 
N 
H 
....:l 
~ 
E-4 
C/) 
~ 
(.) 
26% N 4% S UREA-AMMONIUM NITRATE-AMMONIUM SULFATE-H20 SYSTEM 
25 
20 
15 
\ 
10 
5 
ol---~----~----~----~--~~--~--~77--~ 
1.9 2.0 2.1 2~3 2.5 2.6 2.7 2.4 2.2 
UREA/AMMONIUM NITRATE RATIO 
~ 
1-d = 
~ 
w · 
\1'1 
0\ 
,..... 
t.) 
0 ......... 
~ 
~ 
~ 
~ 
ffi 
E-4 
z 
0 
H 
~ 
N 
H 
~ 
~ 
E-4 
Ul 
~ 
t.) 
24% N 4% S UREA-AMMONIUM NITRATE-AMMONIUM SULFATE-H20 SYSTEM 
5 
0 
\ 
(j) 
~ 
::X:: 
~ 
,s:::.. 
-15 
-20 -
1.0 1.2 1.4 1.8- 2.2 2.4 2.6 1.6 2.0 
UREA/AMMONIUM NITRATE RATIO ' 
l11 
" 
,.... 
u 
0 
'-" 
~ 
~ 
~ 
£-4 
~ 
~ 
~ 
~ 
E--1 
z 
0 
H 
~ 
N 
H 
t-l 
~ 
£-4 
(/) 
~ 
u 
24% N 5% S UREA-AMMONIUM NITRATE-AMMONIUM SULFATE-H20 SYSTEM 
20 
15 
10 
\ 
C) 
~ 
~ 
~ 
Ln 
5 
0 
-5~-----T------~----~~----~------~-----T------~----~~~--~------~ 
2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 
UREA/AMMONIUM NITRATE RATIO 
Vt 
00 
,.... 
u 
0 ..._, 
~ 
~ 
::J 
~ 
~ 
w 
~ 
~ 
~ 
:z 
0 
H 
H 
< 
N 
H 
...:l 
~ 
~ 
(/) 
~ 
u 
40 
30 
20 
lO i \ 
0 
-10 
- 20 
1 .0 1 . 2 1.4 
A • UREA-AMMONIUM NITRATE-AMMONIUM SULFATE-H20 SYSTEM 
B = UREA-AMMONIUM NITRATE-H20 SYSTEM 
C = AMMONIUM NITRATE-AMMONIUM SULFATE-H20 SYSTEM 
G"l 
~ 
~ 
~ 
0\ 
1 .6 1.8 2.0 2.2 2.4 2.6 
UREA/AMMONIUM NITRATE RATIO 
\.11 
\0 
,..... 
u 
0 .._, 
~ 
:::> 
H 
~ 
!:il 
~ 
!:il 
H 
z 
0 
H 
~ 
N 
H 
H 
~ 
H 
(/) 
~ 
~ 
u 
5 
\ 
0 ~ \ 
-5 
-10 
-15 
\ 
\ 
\ 
\ 
\ 
,/"" 
'--~/ 
\ 
\ 
/~ 
// 
UREA-AMMONIUM NITRATE-AMMONIUM SULFATE-H20 SYSTEM 
c;'l 
~ 
::X:: 
~ 
'-! 
1.2 
-201-----~-----.------~----~----~~--~~--~~----~ 
1.0 1.4 1.6 1.8 2.2 2.4 2.0 2.6 
UREA/AMMONIUM NITRATE RATIO 
0\ 
0 
-5 
,......, 
u 
0 ......., 
~ p:: 
::::J 
E-4 
~ 
~ 
ffi -10 
E-4 
z 
1 
0 
H 
E-4 
< 
N 
H 
....l 
~ 
E-4 
(/) 
~ u 
-15 
0.7 
27% N 4% S UREA-AMMONIUM NITRATE-THIOVITE-H20 SYSTEM 
\ / 
. 0.8 0.9 1.0 1.1 1.2 1.3 1.4 
UREA/AMMONIUM NITRATE RATIO 
C') 
~ 
::r:: 
~ 
00 
0\ 
~ 
0 
,..... 
u 
0 
'-' 
~ 
;:J 
E-4 
~ 
f1l 
; -51 
N 
H 
H 
~ 
E-4 
(/) 
~ 
~ 
u 
0 . 7 
29% N 4% S UREA-AMMONIUM NITRATE-THIOVITE-H20 SYSTEM 
\ / 
0.8 0.9 1 .0 1 .1 . 1.2 1.3 1.4 
UREA/AMMONIUM NI!RA!E ~TtO 
(j") 
~ 
~ 
~ 
\0 
0\ 
N 
31% N 4% S 
10 
,..... 
u 
0 
'-"" 
~ 
::> 
~ 
~ 
; 5 j \ 
H 
H 
~ 
H 
Ul 
~ 
u 
0 
0.7 0.8 
UREA-AMMONIUM NITRATE-THIOVITE-H20 SYSTEM 
/ 
0.9 1.0 1.1 . 1.2 1.3 1.4 
UREA/AMMONIUM NITRATE RATIO 
G') 
~ 
::X:: 
~ 
...... 
0 
0\ 
w 
31% N 5% S 
10 
,.... 
u 
0 ......, 
~ p::: 
~ 
~ 
~ 
~ 51 \ ~ 
N 
H 
H 
:i1 
E-1 
Ul 
~ p::: 
u 
0 
0.7 0.8 
UREA-AMMONIUM NITRATE-THIOVITE-H20 SYSTEM 
/ 
0.9 1.0 1.1 1.2 1.3 1.4 
UREA/AMMONIUM NITRATE RATIO 
C) 
~ 
~ 
~ 
~ 
~ 
0\ 
~ 
35 
30 
25 
20 
15 
10 
5 
0 
0.7 0.8 0.9 
65 
GRAPH 1112 
A a UREA-AMMONIUM NITRATE-THIOVITE-H
2
0 SYSTEM 
B = UREA-AMMONIUM NITRATE-H
2
0 SYSTEM 
C = AMMONIUM NITRATE-THIOVITE-H
2
o SYSTEM 
1.0 1.1 1.2 1.3 
UREA/AMMONIUM NITRATE RATIO 
